Abstract-This paper reports the utilization of colloidal semiconductor quantum dots as color converters for Gb/s visible light communications. We briefly review the design and properties of colloidal quantum dots and discuss them in the context of fast color conversion of InGaN light sources, in particular in view of the effects of self-absorption. This is followed by a description of a CQD/polymer composite format of color converters. We show samples of such color-converting composite emitting at green, yellow/orange and red wavelengths, and combine these with a blueemitting microsize LED to form hybrid sources for wireless visible light communication links. In this way data rates up to 1 Gb/s over distances of a few tens of centimeters have been demonstrated. Finally, we broaden the discussion by considering the possibility for wavelength division multiplexing as well as the use of alternative colloidal semiconductor nanocrystals.
I. INTRODUCTION

C
OLLOIDAL semiconductor quantum dots (CQDs) are efficient light-emitting nanoparticles that have been the focus of intense research and development over the last two decades [1] , both in academia and in industry. While CQDs are finding use as fluorescent tags for bio-imaging and bio-assays [2] , as light-emitting diode (LED) and laser gain materials [3] - [6] , or again as light-harvesting elements in photovoltaics [7] , their most important application in terms of volume to date is as phosphors in hybrid light-emitting devices and displays [8] - [10] . Thanks to their solution processability, high photoluminescence quantum yield (PLQY), broad absorption and narrow emission linewidths, CQDs are an attractive alternative to the rare-earth phosphors that are found in standard commercial white LEDs. In particular, their narrow emission linewidth enables the generation of colors with high purity, enhanced gamut (e.g. CQDs are found in the new generation of high-definition LCD screens) and superior white light quality for illumination [8] , [9] . We will see in this paper that CQDs can also be utilized for data communication links at 1 Gb/s rates and above when hybridized with InGaN optical sources.
Our group is utilizing CQDs for color-converting blue/violet micro-size InGaN LEDs (μLEDs) [11] , [12] . Such μLEDs have typical emitting active areas of between 10 and 10 3 μm 2 , i.e. one to two orders of magnitude smaller than standard LEDs. These μLEDs can also be arranged in array-format with hundreds or thousands of pixels per mm 2 and can be integrated with CMOS electronics for spatial and temporal control, creating a microdisplay technology that can be used for different applications [13] - [15] . A monolithic μLED array is limited to one emission wavelength, set by the InGaN epitaxial structure, and the wavelength region where InGaN LED emission is the most efficient is in the blue/violet [16] . The solution-processability of CQDs gives flexibility in the fabrication of hybrid devices and we have demonstrated multi-color emission from a single μLED chip by selectively overcoating μLED pixels with CQD materials [11] -these absorb the μLED light and re-emit it at longer wavelengths. The μLEDs are also attractive sources for visible light communications (VLC), because their array formats enable spatial multiplexing and, crucially, because blue μLEDs can be modulated at high-speed [15] , [17] with multi-Gb/s VLC links demonstrated [18] .
VLC, and by extension LiFi [19] , is a next generation communication technology seen as essential to help cope with the ever-increasing demand on wireless data communications [19] - [21] . It capitalizes on the rapid development of efficient blue InGaN-based LEDs and lasers, mainly driven by the needs of the solid-state lighting industry [20] . It is anticipated that VLC will transform light bulbs into the emitters of a new wireless communications network and enable systems to cope with the vast amount of data created by mobile applications and the Internet of Things [20] . One challenge is that efficient InGaN LEDs cannot cover the whole visible region or intrinsically This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ emit white light. Longer wavelengths and white light as used for lighting are obtained through color conversion whereby a rare-earth phosphor material overcoats a blue InGaN source. The approach is efficient but rare-earth phosphors have recombination lifetimes >1 μs, therefore the resulting sources cannot be modulated at high speed for data transmission, the bandwidth of white phosphor LEDs typically being less than 2 MHz [21] . Consequently, light converters with shorter photoluminescence lifetimes than rare-earth phosphors, meaning they can be modulated faster because modulation bandwidth and PL lifetime are inversely proportional, are needed [12] . As we will see, CQDs have typical PL lifetimes of tens of nanoseconds and are consequently intrinsically faster. In addition, the possibility to tailor the optical properties of CQDs through the design of heterostructures is appealing. The narrow emission linewidth of CQDs that was mentioned above as a parameter for superior color purity and light quality, is also attractive for wavelength division multiplexing, whereby data is sent in parallel using different colours. The latter is particularly desirable for waveguidebased VLC, as is for example used in-vehicle communication systems.
In this paper, we show that CQDs can indeed form high performance color converters for VLC. In Section II, we review some basics on CQDs, including the main material composition and structure designs for visible emission, and the important optical characteristics for VLC. We also discuss the effect of self-absorption on the static and dynamic properties of the color converters. In Section III, we present a CQD composite format of color converter and its characteristics. We relate results to the discussion of Section II. In Section IV, we report the demonstration of VLC using CQD color converters and show that a >1 Gb/s data link can readily be achieved. Orthogonal frequency division multiplexing (OFDM), a multiple carrier modulation scheme, is used here to maximise the utilization of the bandwidth of the CQD-converted optical source. Section V gives an outlook for future development of the technology and finally Section VI summarizes the paper.
II. CQDS FOR LIGHT CONVERSION
In this paper, we are overviewing CQDs for light conversion of InGaN μLEDs to create sources for VLC. In that context, the CQD material is overlaid on top of a μLED device as shown in Fig. 1(a) . The CQD material absorbs the light emitted by the μLED and re-emits photons at longer wavelengths. It is possible to emit at different wavelengths across the visible spectrum through the choice of the CQD material. In this paper, we are focusing on single-wavelength CQD-converted μLEDs and analyse their performance for VLC although such a hybrid LED structure can also generate white light, e.g. for illumination, through color mixing by combining partially absorbing CQD structures emitting at a few different wavelengths. For VLC, the μLED is modulated with encoded data, the μLED light acting as the primary carrier. Thanks to the color converting CQDs, the data is transferred to a longer wavelength carrier -the light emitted by the CQDs. In this section, after describing basics of CQDs, we discuss with the help of a simple, qualitative model (4) is an identical set of lenses to collect the converted emission and image it onto the detector (6). A filter (5) can be placed before the detection. Different detection instruments are used for the optical power, bandwidth and optical spectrum measurements. The scale bar represents 5 cm. The VLC data link set-up is similar except that the CQD color converter is then in direct contact with the μLED sapphire substrate as in (a) and only one set of optics is used.
for self-absorption the guidelines for the design of CQD color converters for VLC.
A. Materials, Structures and Optical Properties
The types of CQDs we discuss here are core/shell heterostructures [22] with typical diameter below 10 nm. The role of the shell material is to passivate the surface of the CQD core, enabling high PLQY. It also allows for engineering of the excitonics, referring to the way the electrons and holes are confined within the CQD heterostructure and how their respective wavefunctions overlap. Type I CQDs have strong overlap because both holes and electrons are primarily confined in the core. The overlap in type II CQDs is reduced because the electron and hole are spatially separated, one type of carrier being mostly confined in the core while the other is mostly confined in the shell. Quasitype II represents the intermediate case where one type of carrier is confined in the core while the other is delocalized over the whole heterostructure. Excitonics directly dictates the optical properties of CQDs and their dynamics and is therefore important for color conversion and VLC. A priori, type I CQDs are desired because a strong electron/hole overlap translates into an increased radiative recombination rate of the exciton and hence to a reduced PL decay time.
CQDs can be formed with many different II-VI, IV-VI, I-VII and III-V semiconductor alloys and even with group IV materials like silicon. The most mature materials are based on CdS, CdSe, ZnS, InP and PbS and enable coverage of the visible and near-infra-red range of the spectrum. In this paper, we are concerned with heterostructures made from CdSe, CdS and ZnS, with ZnS being the outer shell material.
At energy above their first excitonic transition, the absorption of CQDs continuously increases as can be seen in Fig. 2 for typical CdSe/ZnS CQDs. For information, this absorption measurement is based on [11] where the CQDs were diluted in an epoxy resin. The plot shows the two first, well-defined exciton absorption lines. The continuous increase in absorption at decreasing wavelengths comes from the multiplicity of higher energy transitions. In practice, this broad absorption spectrum simplifies the implementation of color conversion. Emission linewidths at full width at half maximum (FWHM) of 30 nm are typical for an ensemble of CdSe/ZnS CQDs (see Fig. 2 ). This relatively narrow emission linewidth makes CQDs superior to rare-earth phosphors and light-emitting organic materials for generating colors of high purity with high efficiency. As stated before, a narrow emission linewidth is also attractive for the future implementation of wavelength division multiplexing scheme in VLC systems, whereby data streams are sent in parallel using carriers at different colors.
An important parameter for VLC is how fast the color converter can respond to optical modulation. This speed is directly linked to the PL lifetime, which is a measure of how fast an exciton is formed by absorption of a photon or how fast it recombines, either radiatively or non-radiatively. In the ideal case where non-radiative recombination is negligible (so that the PLQY is maximized) it is the radiative lifetime that dictates the PL lifetime. The fine structure of the exciton ground state levels in most III-V CQDs leads to a PL that is the result of the recombination of excitons that are Bolzmann-distributed over a dark state (forbidden transition with >1 μs lifetime) and a bright state (allowed transitions with ns lifetime) [22] - [24] . As a result, at room temperature, typical PL lifetimes in type I and quasi-type II CQDs are on the order of 10 ns to a few tens of ns, i.e. slower than in semiconductor quantum wells but still several orders of magnitude shorter than in phosphors. Surface states can also slow down the emission of photons and is the origin of a long-lived tail in the PL lifetime measurements of certain CQDs, but the overall effect on the mean PL lifetime is minimal in high PLQY CQDs.
B. Self-Absorption Effects
CQDs, especially type I CQDs, have a limited Stokes shift, which results in the emission spectrally overlapping the absorption and in turn leads to a non-negligible probability for self-absorption. Self-absorption affects both the static and dynamic properties of the color converters. To understand how, we consider typical type I CdSe/ZnS CQDs with PL and absorption spectra as shown in Fig. 2 . The intrinsic PL of the CQDs overlaps with the absorption spectrum. The dashed curves in Fig. 2 are theoretical functions that model the spectral data. We used a single Gaussian function (λ = 603.5 nm and 28 nm FWHM) for the emission and three Gaussians with different contribution strength for the absorption (respectively 30% λ 1 = 591 nm with 32 nm FWHM; 30% λ 2 = 547 nm with 34 nm FWHM; 40% λ 3 = 507 nm with 32 nm FWHM). The origin of the 3 Gaussians can be ascribed to different transitions in the spectral range considered. The model functions overlay the data relatively well over this spectral range as can be seen in Fig. 2 . We then use these model functions to explore qualitatively the effect of self-absorption on the properties of a CQD color converter.
Because of the limited Stokes shift, a photon emitted by a CQD can be reabsorbed as it travels within the CQD colorconverting structure. An exciton created through such a selfabsorption event has a certain probability, given by the PLQY, to recombine by emitting another PL photon. This cycle of self-absorption/emission can repeat itself as the emitted photons interact with the CQDs. While a full quantitative study of the problem requires a numerical analysis, we can get useful insights into the process with a simplified approach [25] . For this, we make a number of assumptions as explained in [25] : the optical path length of all photons is equivalent and we consider exactly one self-absorption and re-emission cycle. In such a case, the spectral emission I(λ,z) of the color converter is given by:
In (1-a)-(1-c) z is the spatial position, i.e. the path length for the photons in the color converter. If we look at the hybrid LED of Fig. 1(a) , the position z = 0 is the interface between the μLED sapphire substrate and the color-converter. S(λ,z) is a source term that depends on the intrinsic, normalized CQD spectral emission E int (λ); QY is the PLQY taken here arbitrarily as 0.7; P(z) is a term proportional to the pump excitation (μLED) absorbed with a dependence on z for taking into account the pump depletion; α(λ) is spectral absorption, the magnitude of which depends on the concentration of CQDs; and α P is the absorption term of the excitation pump equal here to 25 cm −1 . What (1-a) describes is the evolution of the color converter spectral emission intensity, I(λ,z), as its length z increases. Because of the simplifications made, the approach underestimates the effects of self-absorption and serves here to illustrate these effects qualitatively. Fig. 3 plots the normalized emission spectrum of such CQDs for different lengths of color converter z, respectively 200 μm, 500 μm, 800 μm, 1500 μm and 2000 μm. In this range, the peak wavelength of the CQD converter linearly red-shifts as a function of z. The shift going from a 25 μm thickness to a 700 μm thickness is 10 nm. Note that such a shift would also be present for a fixed z if one were to increase the CQD concentration because the spectral absorption depends on the cross-section and the concentration of CQDs. Although it is to be noted that for high concentration levels non-radiative energy transfer processes between CQDs can also contribute to the spectral shift, we consider here CQD concentration levels below a few % in volume ratio where self-absorption is the dominant effect. This is justified because the mean distance between CQDs, considering ideal dispersion in the matrix, is between 20 nm and 40 nm [26] . The inset of Fig. 3 shows the integrated intensity emitted by the color converter made of this material at different values of z (bottom x-axis giving the values of z). The top x-axis represents the optical depth, noted OD, of the color converter at the pump wavelength, i.e. OD = α P z is the natural logarithm of the ratio of incident to transmitted pump power. OD is a useful parameter to compare color-converters made of different materials or of different CQD concentration, hence having different values of α P , as it is directly related to the amount of absorbed pump power (the pump being the light to be converted). We utilize OD again in Section III for the experimental characterization of CQD color converters. Initially, the emission increases as z (and OD) increases but saturation, caused by depletion of the excitation pump and absorption/re-emission of photons with a limited QY, is reached between 500 and 1000 μm. Past this point, for increasing length the emitted intensity actually decreases. There is therefore an optimum thickness of the color converter (for a given CQD concentration) to achieve maximum conversion. These self-absorption effects on the emission spectrum and converted intensity of the color converter are in fact common to most light-emitting materials including phosphors and can be taken into account for optimization. Although selfabsorption can be suppressed in type II CQDs with high Stokes shifts, these CQDs have longer PL lifetime and are not suitable for VLC.
The process of self-absorption also increases the PL lifetime of the color-converting structure [27] . We consider a colorconverter in slab format made of the same CQD material as previously. One face of the slab represents the output. The thickness of the slab is L. A photon of wavelength λ emitted at a distance z from the output and propagating at an angle θ from the normal to the output interface has a probability p a of being absorbed, given by:
In (2), for simplification we have made the approximation that all photons reaching the output interface at an angle θ smaller than the critical angle θ c of the color converter/air interface (here taken as 45°) escape the structure [27] . Then, the net fraction, F(λ,L), of photons at wavelength λ emitted in the CQD converter that are re-absorbed is found by:
Finally, Φ the fractional increase in the PL lifetime due to selfabsorption, and in turn the decrease in the modulation bandwidth BW ratio , are obtained with (4-a) and (4-c).
Equation (4-b) gives the relation between the average PL lifetime, τ , and the modulation bandwidth, BW, defined as the frequency at which the modulated optical power is half its DC value. Fig. 4 plots both Φ and BW ratio as a function of the color converter length L made with the CQD material of Fig. 2 (QY of 70%). For a 3mm-thick color-converter the PL lifetime is increased by more than 100% and the modulation bandwidth decreased by 50%. At 800 μm thick, corresponding to the calculated optimum length for conversion (see inset Fig. 3 ), this increase is around 25%, corresponding to a decrease in the modulation bandwidth of 20%. To minimize this self-absorption, the length of the color-converter should be minimized. Doing this while maintaining efficient color-conversion means exciting the CQDs with a pump at a shorter wavelength, where absorption is higher. For InGaN-based sources for VLC, this could be done by using UV-violet LED, e.g. at 370 nm. However, the most efficient InGaN LEDs emit in the blue/violet (400-450 nm) so there is a trade-off to consider. 
III. COLOR CONVERTER FORMATS
In the following, we describe the fabrication and experimental characterization of color-converting slabs made of a CQD/Polymethyl methacrylate (PMMA) composite. Color conversion of a 450 nm μLED into 3 different wavelength regions (green, yellow/orange and red) is demonstrated. The effect of the CQD concentration on the converted light properties is shown and related to the discussion of Section II.
A. CQD Composite and Characterization
The CQDs used in this work are alloyed-core/shell CdSSe/ ZnS nanocrystals with a 6 nm mean diameter. Engineering of the energy levels in such CQDs is obtained by changing the alloy composition of the core. These CQDs are basically type I although at shorter wavelengths, as the S/Se ratio is higher, the electron is less strongly localized in the core [22] and the type I character is less marked. The CQDs are initially in toluene solution. The toluene is evaporated and the appropriate weight of CQDs is mixed with PMMA. Samples with weight ratios of CQDs to PMMA between 1% and 10% are made, corresponding to CQD/PMMA volume ratios below 2%. Toluene is added and the CQD/PMMA solution is then stirred for approximately 15 hours. Slabs between 350 μm and 1 mm in thickness are fabricated by pouring the CQD/PMMA composite onto a PDMS mold and drying at room temperature. Once solidified, the CQD/PMMA slabs are removed from the mold. Fig. 1(a) shows examples of these color-converting slabs under illumination. A red color-converting slab sitting on a μLED is also shown.
For characterization of the pump (μLED light) absorption and of the color-converted emission spectrum, power and modulation bandwidth, a color-converter is remotely excited by a single μLED pixel from a μLED array as shown in Fig. 1(b) . The array consists of 450 nm emitting square pixels, each with 100 μm x 100 μm emitting areas [28] . A single pixel has a turnon voltage of 3.3 V and emits 8 mW (light directed forward) at a For modulation bandwidth measurements the μLED is driven by a DC-bias and a modulated small signal that is swept in frequency (combined with a bias T). The emission from the color-converter is detected by a fast photoreceiver (Femto HAS-X-S-1G4-SI, bandwidth up to 1.4 GHz). A network analyzer is utilized to both generate the modulated signal and record the detected frequency response. The modulation bandwidth is here defined as BW. In the following, we discuss the modulation bandwidth of the CQD color-converter and thereby unabsorbed and scattered blue LED light is filtered out before detection. The modulation bandwidth of the μLED is injection current dependent [15] and consequently so is the measured bandwidth of the color-converter. At an injection current of 200 mA the μLED bandwidth is 120 MHz.
B. Results and Discussion
Fig. 5 plots the typical normalized emission spectrum of the green, yellow/orange and red CQD color converters for a few OD values. These are, respectively, 1.9, 3.5 and 4.8 for the green CQDs; 2.4, 4.5 and 5 for the yellow/orange CQDs; 2, 4.5 and 5.5 for the red CQDs. The emission peak is seen to red-shift for increasing OD as is expected in a medium with self-absorption (see Section II). Fig. 6 (a) plots the measured color-converted optical power versus the pump power for green CQD samples with different OD values. For all samples, the color-converted power linearly increases with the pump indicating that there is no saturation even for the sample with the lowest OD. The highest converted power (0.8 mW) is obtained for an OD of 3.5, which corresponds to a μLED light absorption of 97%. At lower OD, the converted power is lower simply because the samples absorbed less blue μLED light. However, for OD above 3.5, the converted power decreases. Too high an OD is detrimental to the efficiency as was seen in Section II because of a combination of self-absorption of the PL and of depletion of the pump. It should be noted that the optimum value of OD is here higher than that calculated in Section II. This is because the CQDs used in our experimental work are not identical to those considered in the previous section and the analytical model of Section II is only valid for qualitative discussions because it underestimates the strength of self-absorption in the color-converters.
The color-converted power at a μLED power of 8 mW is plotted as function of OD in Fig. 6(b) for green, yellow/orange and red CQD samples. The black lines are a guide for the eye drawn by linking average points in different OD windows; 0.5/1.5, 1.5/2.5, 2.5/3.5 etc. For all colors, the trend is the same. The color-converted power increases with OD up to an optimum value and then decreases at higher OD. The OD region for maximum converted power is for all colors between 3 and 4. The red CQDs are less efficient however, with a maximum output power below 0.5 mW. The reasons for this are still under investigation but a possible explanation is that the lattice mismatch at the core/shell interface in the red CQDs is higher than for both the yellow/orange and the green CQDs. In turn, the proportion of red CQDs with defects is higher and the PLQY lower.
Finally, the effect of self-absorption on the modulation bandwidth of the color converters is also evidenced experimentally. Fig 7(a) represents the optical bandwidth versus the bias pump power for the green color converter at two OD values, 3.5 and 5.5. In both cases the bandwidth increases linearly with the μLED optical power. This increase is mainly caused by the dependence of the μLED bandwidth on its injection current, and hence its output power, as shown also in Fig. 7(a) (please note the break in the y-axis). Further work is needed to study this behavior in detail but initial measurements on similar CQD/PMMA samples indicate that the increase in bandwidth with the excitation power is not intrinsic to the CQDs, at least not on this range of excitation power. The modulation bandwidth for the sample at OD 5.5, reaching 8 MHz at a pump power of 8 mW, is consistently lower than for the sample with OD 3.5, which reaches up to 11.5 MHz.
Because the value of the bandwidth of the μLED reaches 120 MHz at an 8 mW output power, i.e. around 10 times that of the value measured for the color converters, the latter is close to the intrinsic color converter modulation bandwidth at this excitation power. Fig. 7(b) plots the modulation bandwidth at such a μLED bias optical power for different samples of green, yellow/orange and red CQD color converters. The lines are linear fits of the data, showing the trend of decreasing bandwidth versus OD. By extrapolation, the decrease between an OD of 0 (the 'idealized' intrinsic modulation bandwidth with no self-absorption) and an OD of 4 is between 25% and 40%, which is consistent with the simulation of Fig. 4 in Section IIsome differences are expected because the effect depends on the wavelength and on the type of CQDs. The red CQD converters have the highest modulation bandwidth, up to 22 MHz at low OD, while the yellow/orange and green CQD converters have a similar extrapolated bandwidth at low OD, around 16 MHz. The corresponding PL decay lifetime, τ , as given by (4-b) is between 12.5 ns and 18 ns. At the OD of 3.5 for maximum converted power, the bandwidth for the green and yellow/orange, and the red CQDs are close to, respectively, 11.5 MHz and 13 MHz. We attribute the higher modulation bandwidth of the red CQDs to two things: a stronger type I characteristics with a stronger exciton overlap, hence faster radiative lifetime; and higher core/shell interfacial strain accelerating non-radiative recombination.
These experiments confirm what was discussed in Section II. A color-converted LED using a converting material with a nonnegligible self-absorption creates a trade-off between converted power and modulation bandwidth. Often the power is as, or more, important than the bandwidth, e.g. a data link capacity is dependent on both the bandwidth and the received optical power. In some cases, a given converted power is needed for functions other than sending data, e.g. for display or illumination. But for VLC, the color-converter should not be designed to operate above the OD for maximum optical power because too high an OD will degrade both the power and the bandwidth. Exciting the CQDs at a wavelength where their absorption is stronger, i.e. typically at a lower wavelength, so that the optimum OD is attained for a lower color converter thickness or CQD concentration would minimize the effect of self-absorption. Obviously, the performance of InGaN LEDs decreases at wavelengths below 400 nm. Currently, a possible practical solution is to utilize 370 nm or even 400 nm emitting LEDs [29] . The performance of such CQD-converted LEDs for VLC is still to be explored.
IV. HIGH-SPEED VLC DEMONSTRATIONS
In Section III, we have designed CQD/PMMA color converters with modulation bandwidth between 11 and 15 MHz at an OD for optimum color conversion. Such modulation bandwidths are at least an order of magnitude higher than for color converters made of rare-earth phosphors. In this section, CQD/PMMA converters are directly integrated on the sapphire surface of the μLED array as can be seen in Fig. 1(a) and used for VLC. It is noted that under operation the sapphire surface of the μLED can heat up to above 50°C if no thermal management approach is implemented. Here, no significant effect is seen on the CQD converter performance when integrated with the μLED, although no detailed study of the characteristics with temperature and prolonged operation is reported.
A. μLED-Based VLC Link
We demonstrate a free-space VLC link using a μLED hybridized with the CQD/PMMA color converters ( Fig. 1(a) ) as the optical source. The μLED is modulated with the encoded data. The blue μLED light is color-converted by the integrated CQD structure, which translates the modulated waveform to a green, yellow/orange or red optical carrier. A set of optics is used to collect the light and focus it onto an avalanche photodiode (APD, Hamamatsu S8664-05k) or a low noise Positive-IntrinsicNegative photodiode (New Focus 1601AC). An optical filter is placed before the detection to filter the few percent of unabsorbed, as well as scattered, blue light. As a result, the detected optical signal is then only the color-converted waveform. In one of our tests, the filter is removed, in which case the detected light from the hybrid μLED is a combination of both converted and unconverted light. The overall distance between the hybrid μLED and the photodetector is 10 cm in these experiments. The received signal is recorded with an oscilloscope (MSO7104B), and processed offline with a MATLAB script. The received signal is Fast Fourier Transformed (FFT) and post-equalized before demodulation.
B. Orthogonal Frequency Division Multiplexing (OFDM)
OFDM is a multi-carrier modulation scheme that enables the efficient use of the bandwidth of an optical source, even past its modulation bandwidth. It is an attractive modulation scheme for high data rate VLC where non-linear signal distortion and inter-symbol interference can become an issue [19] , [30] . Data streams are sent in parallel via orthogonal frequency subcarriers that are basically separated bands distributed over the bandwidth of the optical channel. In our case, each sub-carrier is modulated using multi-level quadrature (M-QAM) and the sub-carrier spacing is equal to a multiple of the M-QAM symbol duration. Adaptive bit and power loading is used so that the overall bandwidth utilization is maximized and enhanced performance is achieved. The power of the M-QAM symbols and the constellation size are adaptively allocated to each sub-carrier. The modulated sub-carriers are multiplexed in the time domain by inverse fast Fourier transform and digital-to-analogue conversion. Hermitian symmetry is imposed onto the OFDM signal, which is further DC-biased (DCO-OFDM) to ensure it is unipolar (only positive) and real-valued. The conditions are chosen so that the ODFM signal modulates the μLED as close as possible to the linear region of its optical power vs driving current characteristics, with the output power at the bias-point being 5 mW (4.5 V bias voltage).
The OFDM signal is generated, and the associated signal processing is done, using MATLAB. An arbitrary waveform generator (Agilent 81180A) is used to drive the μLED with the OFDM signal. A bias-T (ZFBT-4R2GW) enables DC-biasing. 
C. VLC Results
A total of four CQD/PMMA color converters were made and tested in the VLC link: one green sample (OD 3.5), one yelloworange sample (OD 3.5) and two red samples (OD 3 and OD 4.2). Fig. 8 plots the bit error rate (BER) versus the data rates for all these samples. The dashed line represents the BER value of 3.8 x 10 −3 , which is the typical BER threshold if forward error correction is implemented. The data rate is determined by extrapolating the measurements to obtain such BER.
Data rates above 250 Mb/s are obtained for all the samples. 315 Mb/s and 345 Mb/s is obtained for the yellow/orange and the red (OD 3) samples respectively. The lowest data rate is for the green sample at 260 Mb/s. A combination of detection sensitivity, color converted power and modulation bandwidth explains these results. The red sample (OD 3) has the highest bandwidth while the orange and green samples have a lower bandwidth but convert more power. The spectral sensitivity of the silicon detector is also higher in the red and decreases monolithically as the wavelength decreases. We can see that the red sample OD 4.2 does not perform as well with data rate up to 265 Mb/s, similar to the green CQDs. This decrease in data rate compared to the red OD 3 sample is expected because at high OD both the converted power and the bandwidth are lower.
VLC at several hundreds of Mb/s is therefore readily achieved with a CQD-converted μLED. The performance of the VLC link is dependent on the detected converted power, which could be enhanced by adding a few simple features to the color converting structures. The slab geometry of the color-converters utilized here is not ideal for light-extraction as a non-negligible amount of light is trapped within the structure. Texturing the surface or shaping the CQD color converter, e.g. as a lens, can be done to obtain higher converted optical powers. Also, in our experiments, at least half the converted optical power is not detected as it is emitted towards the μLED and not in the detector direction. Adding a dichroic reflector on the backside of the color converter is therefore also a way to increase the detected converted power and hence the data rate. Because such performance is obtained at three different colors, and because the emission linewidth of CQDs is relatively narrow, coarse wavelength division multiplexing should be possible and offers another route to increase the data rates past the 1 Gb/s mark. We note that there is no specific thermal management approach for the μLED Finally, the experiments described above are obtained by detecting only the color-converted light. In some application, for example illumination by color mixing, the color-converted light is mixed with the unabsorbed blue excitation light. In such a case, we can capitalize on this blue wavelength component to extend the VLC performance beyond 1 Gb/s simply by using an unfiltered hybrid color-converted μLED. This is shown in Fig. 8 for the green CQD-converted μLED. By removing the filter prior to the detector, unabsorbed excitation light is collected by the photodiode. In this particular case, 40% of the detected light is from the μLED and 60% from the green CQD/PMMA color converter. With such a hybrid source, the data rate is above 1 Gb/s.
V. OUTLOOK
We have demonstrated a point-to-point VLC link using a CQD-converted μLED and discussed the performance of CQDs for this function and the parameters that can affect this performance. We have mentioned the potential for wavelength division multiplexing and an obvious next step is to study this capability. We note that although we reported here one format of color-converter (CQD/PMMA slab), we are also studying other formats of devices. These other formats as well as their high photostability operation will be reported elsewhere.
The performance of a VLC link is intrinsically dependent on the source modulation bandwidth and on the optical power received at the detector. From a color conversion aspect, it means high power conversion efficiency and a short PL lifetime are needed. Therefore, the focus should be on maximizing the radiative lifetime and on minimizing self-absorption. The colloidal CdSSe/ZnS heterostuctures utilized in this paper have a PL lifetime in the range of 10 to several 10's of ns limited by the fine structure of the exciton ground state. Therefore, even by minimizing self-absorption, the achievable modulation bandwidth with this material is unlikely to surpass 20 to 30 MHz. Apart from engineering the color-converters for optimization of the converted power as discussed above other types of colloidal materials can be considered.
One very promising class material is colloidal nanoplatelets (NPs) [31] . NPs are 2D atomically-flat colloidal materials with exciton confinement only in the vertical direction as opposed to three dimensions in CQDs. Because of their wide surface area, NPs have high oscillator strength, meaning that they have potentially faster PL lifetimes than CQDs. In addition, they have narrower emission linewidth, around 10 nm, which can enable the implementation of wavelength division multiplexing with more channels.
Perovskite QDs is also an emerging colloidal material that is being explored for photovoltaic, laser and color-conversion applications [32] . Some reported perovskite QDs have faster PL dynamics than chalcogenide CQDs and the PL linewidth is typically narrower. However this material system is still in its infancy and much needs to be studied to confirm perovskite QDs as a possible contender for VLC.
VI. CONCLUSION
In summary, we have discussed CQD for light conversion of InGaN sources in VLC applications. We have explained the main characteristics relevant for a VLC color-converter. We have described how self-absorption can affect the emitted spectrum as well as the modulation bandwidth of CQD color converters, using a simple model that enables qualitative predictions. We have then reported the experimental characterization of chalcogenide CQD color-converter for green, yellow/orange and red emission. The trends and design guidelines identified in Section II were confirmed. These color-converters were then hybridized with a μLED and such a hybrid source was utilized to demonstrate free-space VLC over 10 cm at data rates up to 1 Gb/s. Finally, possible pathways to higher performance and alternative inorganic semiconductor colloidal materials were highlighted. Anthony E. Kelly's, received the Ph.D. degree from the University of Strathclyde, Glasgow, U.K. He was with the British Telecom Laboratories and Corning. He was also a Co-Founder of Kamelian Ltd., Oxfordshire, U.K., and Amphotonix Ltd., Glasgow. He is currently with the School of Engineering, University of Glasgow. He has authored or co-authored more than 150 journal and conference papers on a range of optoelectronic devices and systems and holds a number of patents. His current research interests include semiconductor optical amplifiers and related devices, visible light communications using GaN devices, and high-speed lasers for PON systems.
